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A thin single-element THGEM-based, Resistive-Plate WELL (RPWELL) detector was operated with
150 GeV/c muon and pion beams in Ne/(5%CH4), Ar/(5%CH4) and Ar/(7%CO2); signals were recorded with
1 cm2 square pads and SRS/APV25 electronics. Detection efﬁciency values greater than 98% were reached
in all the gas mixtures, at average pad multiplicity of 1.2. The use of the 109Ω cm resistive plate resulted
in a completely discharge-free operation also in intense pion beams. The efﬁciency remained essentially
constant at 98–99% up to ﬂuxes of ∼104 Hz/cm2, dropping by a few % when approaching 105 Hz/cm2.
These results pave the way towards cost-effective, robust, efﬁcient, large-scale detectors for a variety of
applications in future particle, astro-particle and applied ﬁelds. A potential target application is digital
hadron calorimetry.
& 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The Thick Gas Electron Multiplier (THGEM) is a robust radiation
detection element suitable for applications requiring large detec-
tion areas [1,2]. The broad interest in THGEM-based detectors has
resulted in the development of production techniques and con-
cepts (e.g. [3,4]), including the use of resistive ﬁlms and materials
for reducing occasional discharge effects [5–7]. In this context, the
experience gained with various conﬁgurations of THGEM-based
multipliers with resistive anodes [7–9] has led to the development
of a particularly promising candidate – the Resistive-Plate WELL
(RPWELL) [10]. It is a single-sided copper-clad THGEM electrode,
coupled to a segmented readout anode (pads or strips) through a
thin high bulk-resistivity (∼108–1010Ω cm) plate. Extensive la-
boratory studies in ( )Ne/ 5%CH4 demonstrated discharge-free op-
eration at high gas-avalanche gains and over a broad ionization
range [10]. Good performances in terms of efﬁciency and average
pad multiplicity - studied in the context of future (Semi) Digital
Hadronic Calorimeter ((S)DHCAL) [11], were reached, inB.V. This is an open access article u
oleri).
., Nuclear Instruments & M( )Ne/ 5%CH4 with 150 GeV/c muon and pion beams using a thin
×10 10 cm2 RPWELL, with a resistive anode ( ®Semitron ESD225) of
bulk resistivity of ∼109Ω cm [12]. In the present article we report
on new results of further beam studies of this detector, extended
to the low-cost Ar-based gas mixtures ( )Ar/ 5%CH4 and ( )Ar/ 7%CO2 .
Detection efﬁciency values of ∼98% were reached in all conditions,
at average pad multiplicity of ∼1.2, in discharge-free operation,
also with a high-intensity pion ﬂux. The detector fulﬁll the re-
quirements for sampling elements in (S)DHCAL and has the po-
tential for applications requiring robust, cheap, efﬁcient large-
scale detectors with moderate spacial and energy resolutions.2. Experimental setup and methodology
2.1. RPWELL detector, tracking and readout system
The 1010 cm2 RPWELL detector, its SRS/APV25 readout sys-
tem [13,14] and the experimental setup at the CERN-SPS/H4
beam-line, were detailed in [12] and are brieﬂy described here.
The detector scheme, elements and operation principle are shown
in Fig. 1. The single-sided THGEM electrode, 0.86 mm thick, hadnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
ethods in Physics Research A (2016), http://dx.doi.org/10.1016/j.
Fig. 1. The 1010 cm2 RPWELL detector scheme. The RPWELL structure (a): a
single sided THGEM (b) coupled to the readout anode through a resistive plate. The
anode readout pads (d) are coupled to conductive pads patterned on the resistive
plate (c). The metal bands in (b) are located above the underlying pad borders (c,d).
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L. Moleri et al. / Nuclear Instruments and Methods in Physics Research A ∎ (∎∎∎∎) ∎∎∎–∎∎∎20.5 mm diameter holes mechanically drilled in an FR4 plate, cop-
per-clad on one side. The holes were arranged in a square lattice
(Fig. 1-b), with 0.96 mm pitch, so that they cover the underlying
11 cm2 anode pads, but not their borders, where 0.86 mm wide
metal bands are left, as described in [8]. The plate was chemically
etched, yielding 0.1 mm rims around the holes, preventing sharp
edges and eventual defects. The THGEM electrode was coupled to
the anode pads (Fig. 1-d) through a 0.4 mm thick ®Semitron
ESD2251 static dissipative plastic plate (2109Ωcm bulk re-
sistivity). The electrical contact between the resistive plate and the
readout pads is essential for efﬁcient clearance of the avalanche
electrons. Therefore, the bottom of the resistive material was
patterned with conductive pads (Fig. 1-c), individually connected
to the anode pads (like in [12] but using 3 MTM Electrically Con-
ductive Adhesive Transfer Tape 9720732).
The detector electrodes were individually biased using CAEN
A1833P and A1821N HV power-supply boards, remotely controlled
with a CAEN SY2527 unit. The voltage and current in each channel
were monitored and stored. All HV inputs were connected through
low-pass ﬁlters. The RPWELL bias (ΔVRPWELL) with respect to the
grounded anode was varied throughout the experiment, while the
drift voltage was kept constant: Δ =V 250 Vdrift – corresponding to
a drift ﬁeld of ∼0.5 kV/cm across the 5 mm drift gap. The detector
was operated in ( )Ar/ 5%CH4 and ( )Ar/ 7%CO2 gas mixtures at at-
mospheric pressure and room temperature, in gas-ﬂow mode (50–
100 cc/min); measurements in ( )Ne/ 5%CH4 were taken for com-
parison. The operation in the Ar mixtures required higher voltages
compared to the ones in ( )Ne/ 5%CH4 to obtain similar gains.
However, with respect to Ne, Ar has the advantage of larger
number of electron-ion pairs produced by a minimum ionizing
particle (at normal conditions 94 compared to 39 e-i pairs/cm [15])
– allowing for a smaller drift gap for equal number of primary
charges – and considerably lower cost (which might be crucial for
large-scale systems). The use of CO2 instead of CH4 as a photon
quencher is preferable because the former is non ﬂammable. The
triggering, tracking and DAQ system was the same as described in
[12]. The RPWELL chambers were placed along the beam line in-1 www.quadrantplastics.com.
2 www.3m.com.
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2.2. Working point: ΔVRPWELL, threshold and matching parameter
As described in [12], for each event the detector pads with
signal above threshold were grouped into clusters of neighbors.
The global detection efﬁciency was then calculated as the fraction
of particle tracks matched to a cluster in the detector, while the
average pad multiplicity was the average number of pads con-
tained in each cluster. The detector working point was adjusted to
optimize its performance in each gas mixture, targeting high
global detection efﬁciency at low average pad multiplicity. The
lowest-possible value (closest to 1) of the latter is a prerequisite
for valid particle counting, e.g. in a potential application as a
sampling element in DHCAL [8,16]. The optimization was done
using a set of measurements with ∼100 Hz/cm2 wide (55 cm2)
muon beam and a ∼13,000 Hz/cm2 narrow (22 cm2) pion beam.
In both cases, only tracks hitting the detector in a 44 cm2 central
region were considered. Two important parameters in the analysis
are the threshold for zero order suppression (ZSF) and the track-
cluster matching parameter (W) (see details in [12]). The values of
ZSF and W were ﬁxed at ZSF¼15 and W¼10 or 15 mm following
the same method described in [12].3. Results
3.1. Detected charge, global detection efﬁciency and average pad
multiplicity
We studied the detector operation in ( )Ne/ 5%CH4 , ( )Ar/ 5%CH4
and ( )Ar/ 7%CO2 using ∼100 Hz/cm2 muon beam. Fig. 2 depicts the
most probable value (MPV) of the detected charge, derived from
the recorded Landau distributions as a function of ΔVRPWELL. It is
important to note that the effective measured charge is a few
times smaller than the avalanche charge; this results from the
convolution of the long signal rise time in the RPWELL (∼1–2 μs
rise-time) and the short shaping time of the APV25 chip (∼75 ns) –
as described in [12]. Fig. 3 shows the global detector efﬁciency as a
function of the average pad multiplicity in the same data set
shown in Fig. 2. ΔVRPWELL values of 880 V, 1640 V and 1750 V inFig. 2. The most probable value (MPV) of the charge measured by the RPWELL
detector in ∼100 Hz/cm2 muon beam for different ΔVRPWELL values in the three gas
mixtures.
ethods in Physics Research A (2016), http://dx.doi.org/10.1016/j.
multiplicity
1 1.2 1.4 1.6 1.8 2
ef
fic
ie
nc
y
0.84
0.86
0.88
0.9
0.92
0.94
0.96
0.98
1
)
4
Ne/(5%CH
)
4
Ar/(5%CH
)
2
Ar/(7%CO
Fig. 3. The global detector efﬁciency versus average pad multiplicity of the RPWELL
detector in ∼100 Hz/cm2 muon beam in the three gas mixtures (using the same
data set shown in Fig. 2).
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Fig. 5. Current ﬂowing through the detector during pion runs at different rates in
( )Ar/ 5%CH4 . The beam spill-structure is clearly visible.
L. Moleri et al. / Nuclear Instruments and Methods in Physics Research A ∎ (∎∎∎∎) ∎∎∎–∎∎∎ 3( )Ne/ 5%CH4 , ( )Ar/ 5%CH4 , and ( )Ar/ 7%CO2 respectively, gave very
high detection efﬁciency (98–99%) and low pad multiplicity (∼1.2)
in a stable condition.
3.2. Performance under low and high particle ﬂux
The RPWELL performance was investigated with low-rate
muon and high rate pion beams reaching a ﬂux of ∼4 105 Hz/cm2.
The results are shown in Fig. 4. Note that in order to keep a high
efﬁciency at high particle ﬂuxes, these measurements were done
using higher voltages than those optimal for detecting low-rate
muons. The values of ΔVRPWELL were 880 V, 1700 V and 1770 V in
( )Ne/ 5%CH4 , ( )Ar/ 5%CH4 and ( )Ar/ 7%CO2 respectively. The global
detection efﬁciency (Fig. 4) is stable until rates of ∼104 Hz/cm2,
consistently for all three gas mixtures. It drops by a few % (to 94%)
while approaching rates of ∼105 Hz/cm2, due to 30% gain loss (not
shown), possibly resulting from the charging up of the holes and
avalanche build-up limitations on the resistive anode (see for ex-
ample [17]). These results are in agreement with that previously]
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Fig. 4. Global detection efﬁciency of the RPWELL detector as a function of the in-
coming particle ﬂux in ( )Ne/ 5%CH4 , ( )Ar/ 5%CH4 and ( )Ar/ 7%CO2 . The values of
ΔVRPWELL were 880 V, 1700 V and 1770 V respectively.
Please cite this article as: L. Moleri, et al., Nuclear Instruments & M
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using higher operation voltage.
To demonstrate the electrical stability of the RPWELL, we
measured the current ﬂowing through the anode using a sensitive
ammeter [18], while irradiating the detector with pions at differ-
ent rates. Fig. 5 shows the current and the pion rates as a function
of time. The measurement shown is in ( )Ar/ 7%CO2 , and similar
results were obtained in all three gas mixtures. As expected, the
small current spikes, corresponding to the beam spill-structure,
grow smoothly in amplitude with the particle rate. The measured
value of the current should follow the simple expression:
Φ Φ= · · · ( )q n GI , where I is the current, q is the electron charge, n is
the number of electron-ion pairs produced by a minimum ionizing
particle in 5 mm of Ar [15], Φ is the particle rate and G the detector
gain (which depends on Φ as explained above). Reversing the
formula and using the measured value of the current, we can es-
timate the value of G. For example for Φ = ·4 10 Hz3 we get
G¼1.3103, which is compatible with the value obtained from
the measured charge MPV (Fig. 2 which is taken at a similar par-
ticle rate), once taking into account the effect of the electronics
shaping time.3.3. Gain stability over time
A stable operation of the detector was demonstrated over time,
under 104–105 Hz/cm2 pion ﬂuxes, as shown in Fig. 6. The applied
voltages were the same as those of the measurements presented
in Section 3.2. No signiﬁcant gain variations (less than 5%) were
observed along ∼1 h of operation in all three gas mixtures. The
values of global detection efﬁciency and average pad multiplicity
during these measurements also remained stable.3.4. Discharge probability
A discharge was deﬁned as an abrupt increase in the current
supplied to the detector [12]. Discharge probability was measured
during the high-rate pion runs presented in Section 3.3. No dis-
charges were observed in any of the gas mixtures while irradiating
the detector with over 108 pions; therefore the resulting value of
108 is an upper limit for the discharge probability in the present
RPWELL conﬁguration. Since pions are prone to induce highly-
ionizing secondary events, we have an additional indication on the
broad dynamic range of this detector.ethods in Physics Research A (2016), http://dx.doi.org/10.1016/j.
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Fig. 6. Gain stability over time under a high-rate (104–105 Hz/cm2) pion ﬂux in
( )Ne/ 5%CH4 , ( )Ar/ 5%CH4 and ( )Ar/ 7%CO2 . The values of ΔVRPWELL were 880 V, 1700 V
and 1770 V respectively.
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A 6 mm thick (without readout) 1010 RPWELL detector with
a ®Semitron ESD225 resistive plate coupled to a pad readout anode
was investigated for the ﬁrst time in ( )Ar/ 5%CH4 and ( )Ar/ 7%CO2
gas mixtures; its performance was compared with that in
( )Ne/ 5%CH4 . This thin, single-stage detector was operated with
150 GeV/c muons and pions, at ﬂuxes reaching 4 105 Hz/cm2.
High detection efﬁciency values, greater than 98%, at low average
pad multiplicity of ∼1.2, were demonstrated in all three gas mix-
tures, maintaining stable, discharge-free operation, also at high
pion ﬂux. The efﬁciency remained unaffected up to a pion ﬂux of
104 Hz/cm2, above which it decreased by a few % at ∼105 Hz/cm2.
For example, in ( )Ar/ 7%CO2 the RPWELL maintained a global de-
tection efﬁciency of 95% under a ﬂux of 1.5 105 Hz/cm2 pions. The
lack of electrical instabilities over more than 108 pion events sets
an upper limit of 108 on the discharge probability – ∼2 orders of
magnitude better than other THGEM-based conﬁgurations (e.g.
single- and double-THGEM, Resistive WELL and Segmented Re-
sistive WELL reviewed in [7]).
Compared to other detector technologies explored under si-
milar conditions, e.g. for the DHCAL, the performance of the
1010 cm2 RPWELL detector, with respect to detection efﬁciency
and pad multiplicity, is superior to that of 11 m2 RPCs [17,19]
and 3030 cm2 GEM detectors [20]; it is similar to that of
11 m2 MICROMEGAS [21,22]. The efﬁciency dependence on the
incoming particle ﬂux is similar to that of multi-gap RPCs based on
semi-conductive glass [23]. Also in terms of electrical stability the
performance of the RPWELL detector is similar to that of RPCs.
These results pave the way towards robust, efﬁcient large-scale
detectors for applications requiring economic solutions at mod-
erate spatial and energy resolutions. A different application than
digital counting (like in DHCAL or RICH) could be that of a tracking
detector with strip readout. In this case it would require charge
spreading over a resistive layer to increase the spatial resolutionPlease cite this article as: L. Moleri, et al., Nuclear Instruments & M
nima.2016.06.009i(see for example [24]). This detector conﬁguration, as well as the
RPWELL technology scale-up and the investigation of other sui-
table resistive materials are the subject of current R&D.Acknowledgments
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